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In the pig, the establishment and maintenance of luteal function in early gestation is crucial to endometrial function,
embryo development, and survival. The level of feed intake has a positive effect on formation of luteal tissue and
progesterone secretion by the ovaries in the pre-implantation period, which is important for endometrial remodeling and
secretion. These effects are independent of luteinising hormone (LH) and probably driven by metabolic cues, such as
insulin and insulin-like growth factor (IGF-1), and seem to support progesterone secretion and delivery to the
endometrium, the latter which occurs directly, bypassing the systemic circulation. Even after implantation, a high feed
intake seems to improve embryo survival and the maintenance of pregnancy. In this stage, luteal function is LH-
dependent, although normal variations in energy intake may not result in pregnancy failure, but may contribute to nutrient
supply to the embryos, since in this phase uterine capacity becomes limiting. Feed incidents, however, such as
unintended fasting of animals or severe competition for feed, may result in embryo or even pregnancy loss, especially in
periods of seasonal infertility. Specific nutrients such as arginine have a role in the vascularisation of the placenta and can
improve the uterine capacity in the period after implantation.
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| 1. Introduction

The first 30 days of gestation are critical to the success of pregnancy in pigs. In this period, pregnancy is either
established successfully or, when there is insufficient interaction between embryos and the uterus, the pregnancy is lost,
or embryo survival is compromised. In this same period, the potential litter size is established, determined by the number
of embryos that survive.

2. Focus of Nutrition: Establishment of Pregnancy, Embryo Survival, and
Embryo Development

During the first month of gestation there are a number of processes and events that have a major impact on reproductive
performance. Luteal tissue formation is critical to establish pregnancy and important to ensure an optimal uterine
environment for the development, maintenance, and survival of embryos. At some stage, embryos start migrating,
elongating, and implanting in the uterine horns, and during these developmental phases, embryos signal to the uterus.
The communication between embryos and uterus is commonly referred to as ‘maternal recognition’, and ensures the
maintenance of luteal tissue, sustained progesterone secretion, and pregnancy. As the litter of embryos goes through the
various stages of development and implantation, a percentage will be lost due to embryo-intrinsic factors, the uterine
environment, or to differences between embryos in development. These processes will be outlined briefly below, and in
the second part of this paper, the interaction with nutritional effects will be examined.

2.1. Luteal Tissue Formation and Maintenance

The basis of a successful pregnancy and maximal embryo survival is the formation of ovarian luteal tissue, a process
which is triggered by the preovulatory LH (luteinising hormone) surge causing luteinisation of the dominant follicles. In
contrast to other species, porcine corpora lutea are maintained and remain critical for the whole duration of pregnancy,
and luteolysis at any stage of pregnancy will result in loss of pregnancy. Porcine luteal tissue grows rapidly and gains
maximum size between day 10 and 12 after ovulation, with a total luteal mass around 6 to 8 g in gilts and 10 to 15 g in
multiparous sows . The total luteal mass is correlated to the number of follicles that ovulate (correlation coefficient
between 0.45 and 0.62; 284N and therefore, older sows have more luteal tissue than gilts and primiparous sows.
Embryos start secreting oestrogens at ~12 days, a signal for maternal recognition that ensures that luteolysis does not
occur when it would normally occur in non-pregnant animals (day 14-15), and in doing so, maintain luteal function. If
luteal tissue is maintained beyond day 12, the amount of tissue remains fairly stable during the remainder of the
embryonic phase.



2.2. Progesterone, Prostaglandins, and Remodeling of the Endometrium

During the first month of pregnancy, systemic progesterone roughly follows the growth of the luteal tissue, increasing
linearly until around day 12 after ovulation, then dropping slightly and levelling for the remainder of the embryonic phase
[, The close match between the dynamics of the luteal tissue and progesterone underlines the importance of sufficient
luteal tissue for establishment of pregnancy and for the control of the uterine environment.

Clearly, progesterone is important for the remodeling of the endometrial lining in order to facilitate the implantation and
delivery of nutrients to the embryos. This is reflected in the correlation between embryo survival to day 35 (r = 0.48 &; r =
0.72 [8y and systemic progesterone in the first three days of gestation. Beyond these first three days, progesterone does
not seem to be correlated to embryo survival B, suggesting that the level of progesterone is mainly limiting in the phase
where it is still on the rise. At later stages progesterone receptors in the uterus seem to drop B, which may indicate that
the role of progesterone changes. Alternatively, in later stages, the level of progesterone may no longer be limiting.

Embryos signal their presence through the secretion of oestrogens, and in addition, through the secretion of PGE
(prostaglandin E2). These factors redirect PGF (prostaglandin F2a) secretion away from the ovaries (where PGF would
exert a luteolytic effect in the absence of pregnancy) and, in addition, render the luteal tissue less sensitive to PGF. In
addition to these antiluteolytic effects, oestrogens and PGE also stimulate PGE secretion by the endometrium, and
together with progesterone, initiate the remodling of the endometrium. These processes were comprehensively reviewed
by Waclawik et al. [¥, who also suggested that PGF has a dual role, switching from a luteolytic role in the absence of
pregnancy to supporting the remodeling process in the endometrium in the presence of pregnancy. The combined effects
of progesterone, PGFs, and PGEs result in a complex of inflammatory-like processes in the endometrium, involving
growth factors such as VEGFs (vaso-endothelial growth factor), IGFs (insulin-like growth factor), TGFs (transforming
growth factor), and EGFs (epidermal growth factor), which are involved in glandular formation, histotroph secretion, and
angiogenesis [&. The potential of nutritional interventions in these specific pathways have yet to be investigated.

2.3. Embryo Elongation, Maternal Recognition, and Embryo Survival

The majority of prenatal losses in pigs occur during the embryonic phase (before day 35), with 20 to 30% of embryos lost
by day 21, and another 10 to 15% lost by day 35 9. It is generally assumed that in the case of proper oestrus detection
and insemination conditions, close to 100% of oocytes are fertilised, and the resulting embryos will develop and reach the
uterus by around day 5-6 after fertilisation.

Between day 8 and day 10, embryos, which are still ovoid at this stage, spread through the uterine horns where some will
cross the bifurcation between the left and right horn. Between days 10 and 13, embryos elongate and space themselves
along the uterine horns. At this stage, most embryos still survive (93-96%, 1), and as they start secreting oestrogens
and spacing, the embryos position themselves throughout the uterine horns, aligning themselves in preparation for
implantation at around day 15 22, The process of spacing is a coordinated mechanism, during which the available uterine
space is distributed fairly evenly among the embryos. Studies with inert, oestrogen-soaked beads have shown that this
process may be facilitated by mild contractile activity of the uterus, induced by oestrogens originating from the embryos,
with the presence of more or less embryos in specific areas of the uterus inducing more or less uterine contractility 31,
Spacing is independent of the number of embryos, and both small and large litters migrate and space evenly 14, Whether
there is direct communication between the embryos is not clear. From our own observations, implantation sites hardly
ever overlap, which would suggest that there is. In the process of spacing and implantation, the developmental stage of
the embryos and the variation between the embryos play a role in determining which embryos survive 121,

Before implantation, the variation in embryonic development may be such that advanced embryos influence the uterine
environment in a way that is detrimental to more delayed embryos. Geisert et al. 18 showed that the treatment of sows
with oestrogens before day 12 had a negative impact on embryonic survival. Embryos will still elongate, but do not survive
to day 16 4. This suggests that there is a window before elongation, in which oestrogens are detrimental to embryonic
development through their effect on the uterine environment, relative to the developmental stage of the embryos.
Treatment with oestrogens at a later stage, when embryos start to secrete oestrogens themselves, does not appear
harmful to embryonic survival 23!, Advanced embryos may start to secrete oestrogens at a stage when underdeveloped
embryos are compromised by the same oestrogens, and this may be another mechanism through which variation in
embryonic development causes embryonic mortality.

Experimental modifications of the uterine space per embryo by using superovulation 24, superinduction 28, ligation of
uterine horns 2, hemi hystero-ovariectomy 24, and unilateral oviduct ligation 24 has shown that uterine space limits the
survival of embryos to day 35 of gestation, hence the term uterine capacity. The timing of embryo loss, and what



limitations or factors drive these losses in different stages is important, however, only few studies provide information on
these aspects. Some older studies in gilts suggest that 18 to 35% of embryos are lost to day 25, that these losses are
mostly independent of space 121221231 and that uterine space only becomes limiting for survival after day 25.

More recent evidence in modern genotypes 24 demonstrates that around 40% of the embryos do not survive to day 35,
and that two-thirds of the losses occur before day 21 in multiparous sows ovulating over 20 oocytes. By including a group
of sows in which unilateral oviduct ligation was performed to provide more space per embryo, it was demonstrated that
the losses before day 21 were unaltered and independent of space (Table 1). In both the intact sows and in the unilateral
oviduct ligation model, 25% of embryos were lost by day 21. However, there were no embryo losses after day 21 in the
unilateral oviduct ligation model, where embryos had ample space, whereas another 17% of embryos were lost after day
21 in the intact sows. Interestingly, the effect of uterine space was also evident from the length of the implantation sites
and the embryo weight, which were 22% and 14% greater in the unilateral oviduct ligation model compared to the intact
sows. This suggests that at or after implantation, competition between embryos for space results in mortality or reduced
development of those embryos with insufficient space.

Table 1. Embryo survival and development at day 21 and day 35 of gestation in intact sows and in oviduct ligated sows,
demonstrating the effect of uterine space (from Langendijk et al. [24)),

tem Day 21 Day21 Day 35 Day3s
Intact Sows Oviduct Ligation * Intact Sows Oviduct Ligation *
Number of sows 15 11 17 12
Ovulations 209+152 11.6 +0.8° 20.3+0.92 10.7+0.9°
Viable embryos, % ** 76 5 75+5 59+42 77+3Pb
Length of implantations, cm 9.9+11 11.4+1.2 15.5+1.3% 19.0+1.2Y
Embryo weight, g 0.22 +0.03 0.25 + 0.05 43+0.3% 49+0.2Y

* Qviduct ligated sows had one oviduct ligated, limiting the number of fertilised oocytes entering the uterus to those
originating from the patent oviduct. These embryos therefore, had twice the space compared to intact sows. ** Percentage
of viable embryos: number of viable embryos present/number of ovulations at patent oviduct. P p < 0.05, *Y p < 0.10.

Collectively, this demonstrates that most (2/3) embryonic losses occur between days 12 and 21, around the time of
implantation, and are not related to uterine capacity, but probably more to the variation between embryos in development
as described above. One-third of embryo losses occur after day 21 and appear to be driven by the limitations of uterine
capacity. These aspects need to be taken into account when considering the effects of nutrition on embryo survival and
development, meaning that losses before and around implantation should be addressed by nutritional strategies that
target the variation in embryo development, whereas losses after implantation should be addressed by nutritional
strategies that target uterine capacity and functional space. This also means that nutritional strategies may require to
differentiate between different windows of gestation, an approach that becomes feasible with today’s precision feeding
technology.

3. The Role of Nutrition in Luteal Tissue Formation, Progesterone, and
Embryo Development Before Implantation

In pigs, apart from the LH surge that triggers ovulation, the growth of luteal tissue and the secretion of progesterone occur
independent of LH, at least until 10-12 days after ovulation 23, Effects of increased energy intake on LH that have been
reported for other reproductive processes, such as for follicle development and the number of ovulations (e.g., [28]), would
therefore not apply to luteal development in this early period of pregnancy. However, the formation of luteal tissue in this
early period of the embryonic phase is affected by nutrition, both before and after ovulation.

The effects of nutrition before ovulation are evident from studies where feed restriction in the preceding luteal phase and
follicular phase was applied to manipulate follicular dynamics (flushing). These studies were based on the principle that
during periods of low energy intake or negative energy balance, endocrine cues that stimulate follicle development, such
as FSH (follicle stimulating hormone) and LH, are suppressed directly at the hypothalamus—pituitary level, or indirectly
through the effects of glucose and insulin regulation signaling at the ovarian level. In short, during the follicular phase,
when late antral follicles are selected to become the dominant and ovulatory pool of follicles (e.g., 28l), but also earlier
during the luteal phase in gilts, or during lactation in weaned sows (e.g., [&). When early antral follicles are recruited to



develop into late antral follicles, restricted energy intake suppresses follicle development with lower ovulation rates as a
result.

In more recent studies, feed restriction in cyclic gilts during the preceding luteal or follicular phase has been shown to
have negative carry over effects on the rise in peripheral progesterone after ovulation 227, with some of these effects
being due to reduced formation of luteal tissue (28, Similarly, feed restriction in primiparous sows during the lactation
preceding post-weaning ovulation, reduces post-ovulatory luteal function and progesterone 22, The administration of
insulin can counteract these effects in vivo [ and results in increased progesterone secretion in vitro 2%, suggesting that
insulinogenic diets would support the formation of luteal tissue and the secretion of progesterone. In that respect, it is
interesting to note that lactation diets rich in fast carbohydrates (starch and sugar) increased peripheral progesterone post
ovulation BY, and that in post-weaning multiparous sows, pre-ovulatory blood insulin levels were correlated with post-
ovulatory progesterone 221,

These examples illustrate how energy intake and insulinogenic ingredients that affect follicular dynamics, may benefit
post-ovulatory luteal development and function. This may be through carry over effects of pre-ovulatory diets on the
quality of the luteal tissue, and through effects on the amount of luteal tissue due to an increased ovulation rate.

Nutritional interventions during the post-ovulatory period can also affect the formation of luteal tissue and progesterone
secretion (Table 2). In both gilt and multiparous sow models, feed restriction during early gestation reduced the amount of
luteal tissue at day 30-35 of gestation B2, but also as early as day 10 after ovulation 231, Considering that up to day 10—
12 of pregnancy the formation of corpora lutea is LH-independent, the effects of nutrition in this early period are more
likely to be mediated by other factors. Similar to premating nutrition, post-mating effects on luteal function may be
mediated by insulin or insulin-related pathways such as IGF-1. Both insulin and IGF-1 are higher in gilts fed at a high
feeding level in early pregnancy 433, |GF-1 stimulates progesterone secretion by luteal tissue in vitro 8 and in vivo B2
and supports luteal tissue formation 8. In primiparous sows, Langendijk et al. B2 reported a correlation between IGF-1
and post-ovulatory progesterone. Collectively, these data point to a role of feed or energy intake in growth of luteal tissue
and the secretion of progesterone, and would suggest that insulin and IGF-1 stimulating dietary strategies would enhance
luteal development in early pregnancy.

Table 2. Effects of feed allowance (high or low) in early pregnancy on the amount of luteal tissue.

Luteal Tissue Mass, g

Reference ::: ii,i?,lgl,o‘ll_v::vc’s _I?;Z:i\:):n?; Zt:sgt:\t(i);n
’ High Low
El 24vs.1.2M di-25 7.22 6.7" d3s
14| +2.5 kg d1-7 952 7.7° d30
3] 24vs.1.2M d1-10 8.2 7.9 d10
[26] 2.4vs.0.8M - No effect - -

* Feed allowance expressed as kg or relative to maintenance requirements (M). 2P p < 0.05.
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